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Introduction
MR-guided High Intensity Focused Ultrasound (MRgHIFU) is gaining popularity in functional neurosurgery with the recent success of noninvasive thalamotomy for essential tremor (Lipsman et al., 2013; Martinez-Fernandez et al., 2018) . Other therapeutic applications are under investigation such as the treatment of Parkinson's disease (Martinez-Fernandez et al., 2018) , chronic pain (Jeanmonod et al., 2012) or Alzheimer 's disease . In neuroscience, transient neuromodulation by transcranial ultrasonic stimulation (TUS) has been demonstrated in rodents (Tufail et al., 2011; Yang et al., 2012; Younan et al., 2013; Ye et al., 2016; Kamimura et al., 2016) , in non-human primates (NHP) (Wattiez et al., 2017; Deffieux et al., 2013) , and more recently in humans (Legon et al., 2014; Lee et al., 2016a) . For both MRgHIFU and TUS applications, accurate targeting and monitoring are crucial. MRgHIFU treatment relies on local thermal tissue damage (Elias et al., 2013; Huang et al., 2018) , whereas mechanical effects are considered to play a major role in TUS (Plaksin et al., 2014; Naor et al., 2016) . In both applications, the ability to visualize thermal elevation at the focus or in specific regions of the brain is essential for the safety of the procedure.
Under MRI, temperature can be mapped in brain structures using the Proton Resonance Frequency Shift (PRFS) thermometry (Peters et al., 1998) . Micrometric tissue displacement resulting from the acoustic radiation force pressure can be mapped by MR Acoustic Radiation Force Imaging (MR-ARFI). MR-ARFI has been proposed initially to identify the focal point location before starting the therapy (Marsac et al., 2012) . Clinical translation of MR-ARFI imaging is restricted by technological difficulties of implementing such methods in current clinical treatment systems. Except for the work reported by Hertzberg et al. (2010) , most studies (Bitton and Pauly, 2014; de Bever et al., 2018; Kaye et al., 2011; Paquin et al., 2013; Odeen et al., 2018) were performed in phantom or in ex vivo brain tissue. Direct application of these studies in in vivo settings remains uncertain, and may be compromised by physiological noise or potential restrictions in the placement of MRI coil elements due to the HIFU device.
In vivo evaluation of MR-ARFI in brain has recently been reported by Gaur et al. (2018) and Jonathan et al. (2018) . Although these studies showed promising preliminary results regarding accuracy of the focal spot localization, no data have yet been reported simultaneously quantifying potential heating of the brain. Yet, the associated total acoustic energy deposition may lead to substantial temperature exposure of brain structures. Different options have been proposed either to reduce or to monitor such potential unwanted heating. For instance, Zheng et al. (2018) published a highly sensitive method based on steady state free precession technique that minimized sonication duration to 1.45 ms and thus the potential heating. Other approaches consist to monitor MR-ARFI and temperature at the same time Bour et al., 2017; Mougenot et al., 2016 ). An optimal MRI monitoring method should provide high sensitivity to both focal spot temperature and displacement simultaneously, while ensuring important volumetric coverage to visualize the effects of HIFU over the full ultrasound path. It should also provide high spatial and temporal resolutions and reduced acoustic energy deposition.
In this work, we evaluate in an alive NHP a simultaneous MR-ARFIthermometry (MR-ARFI-THERMO) sequence (Bour et al., 2017) implemented at 3T. This sequence allows sub second multi-slice temperature and displacement imaging during sonication with a temporal resolution of 75 ms per slice at an isotropic spatial resolution of 2-mm. The monitoring capabilities of the sequence were evaluated under different acoustic power depositions and the impact of physiological noise was quantified in two different areas of the brain. Finally, experimental temperature and displacement results were compared with validated modeling of ultrasound propagation through the skull and into the brain.
Method

MRI and focused ultrasound sonication
All acquisitions were performed on a 3T clinical imaging system (MAGNETOM Prisma, Siemens Healthcare, Erlangen, Germany) using a modified single-shot gradient echo EPI with repeated acquisitions (Fig. 1A) . At each time frame, the sequence integrated a bipolar motionsensitive encoding gradient (MEG) with an alternated polarity between two successive acquisitions (Fig. 1B) . The focal displacement could be encoded in either longitudinal or transverse planes using a MEG with direction aligned along slice or phase encoding direction, respectively. The raw data were streamed in real-time to a separate workstation and the images were reconstructed online using the Gadgetron framework (Hansen and Sorensen, 2013) . The resulting images were streamed back to the MR database and to a separate computer for display. The average displacement and temperature values were then computed in Thermo-guide™ software (Image Guided Therapy SA, Pessac, France) from online reconstructed phase images ϕ i by summing and subtracting two consecutive phase images: In this technique, ϕ i and ϕ iÀ1 refer to two consecutive phase images in time and ϕ þ=À i are reference phase images acquired prior to the acoustic sonication. δ ¼ 267.522 10 6 rad s À1 .T À1 is the gyromagnetic ratio, α ¼ À0.0094 ppm C À1 is the PRFS constant, TE is the echo time, B0 ¼ 2.89 T is the static magnetic induction. Δ is the duration of the MEG, and A its amplitude. To enhance the displacement sensitivity of the sequence, we used a high gradient amplitude of A ¼ 54 mT/m. The flat top MEG duration (Δ) was set to 5 ms with 1 ms ramp times. For a detailed description of the method and its implementation, please refer to (Bour et al., 2017) .
Sonications were performed using a single-element transducer (H115, Sonic Concepts, Bothel, USA, focal length 63 mm, aperture 64 mm) that was operated at 850 kHz. The transducer was driven by a RF-generator (75A250, Amplifier Research, Souderton, USA). Custom made low pass filters were introduced in the transmission line to prevent electromagnetic artifacts on MR images during sonication. The sonication was triggered from the MRI sequence (see Fig. 1 ) by a TTL signal that could be generated with configurable timing during the MEG. An offset of À2 ms before the second lobe was set to leave enough time to the brain tissue to reach a steady state displacement due to tissue viscoelasticity (Larrat et al., 2009) . The sonication duration of S ARFI ranged between 4 and 8 ms with adjustable amplitude.
Animal preparation
In vivo evaluation of the method was performed in the brain of an adult NHP (Macaca Mulatta). The animal was placed in the foot-head direction in the magnet using a dedicated MRI chair (Rogue Research) after positioning the transducer near the head using a mechanical holder. Acoustic coupling of the transducer with the head was achieved by a water-filled inflatable balloon (Fig. 2) . After positioning of the animal at the magnet isocenter, MRI data were acquired with two antennas with four receive elements surrounding the head. The animal was maintained under general anesthesia with a blend of isoflurane (0.8%) and oxygen (1~2L/mn). ECG and arterial pressure were monitored continuously during the procedure.
Experimental Protocol: The procedure followed these steps:
-Localization of the transducer relative to the brain was done using a MP-RAGE sequence acquired at 1 mm isotropic resolution, with TE/ TR/TI/FA ¼ 2.28 ms/2300 ms/920 ms/9 , bandwidth ¼ 200 Hz/px, GRAPPA ¼ 2, matrix size ¼ 256*256 Â 256, FOV ¼ 256 Â 256 Â 256 mm 3 . After completion of the acquisition (~5min), positioning of the MR-ARFI slices on the target region was prepared using the 3D rendering console of the MR vendor by considering a focal length of 63 mm. -MR-ARFI-thermometry acquisition: Image orientation was set either perpendicular (MEG set in the slice direction) or parallel (MEG set in the phase direction) to the propagation axis of the ultrasound beam. Four slices were acquired sequentially ( Fig. 1A) with an adjustable number of repetitions (at least 30) using either a fixed repetition time (1 s or 2 s) or respiratory gating (see Table 2 in supplementary materials). The respiratory gating was used to evaluate the influence of respiration on the accuracy of the displacement estimate in voxels at different locations in the brain. The first repetitions were used to generate the reference phase images for both MEG polarities before HIFU shots were applied during the subsequent acquisitions. Acquisition parameters were: a FOV of 189 Â 189 mm 2 , a 96 Â 96 matrix size, 2 mm slice thickness, leading to an isotropic resolution of 2 mm and 2 mm slice gap. TE/TR/FA ¼ 29 ms/300 ms/60 , with a minimal repetition time/slice of 75 ms. GRAPPA acceleration of 2, 6/8 partial Fourier, bandwidth ¼ 1565 Hz/voxel, ETL ¼ 25.92 ms, echo spacing ¼ 0.72 ms.
Data analysis
Twenty-four MR-ARFI-THERMO acquisitions were performed in three different experiments on different days in the same animal. For each acquisition, the measurement uncertainty was evaluated by computing the temporal standard deviation (σ) and temporal mean (μ) for both displacement (D) and temperature (T) over 10 successive dynamic acquisitions selected before, during and after S ARFI sonication. Negative values of the baseline displacement were corrected by adding an offset in order to reach a baseline value equal to zero. The temporal mean of the displacements (μ D ) was fitted to a two-dimensional Gaussian function from which the maximum amplitude, focus location and full width at half maximum (FWHM) were extracted.
Acoustic simulations
The simulations were performed using k-Wave, a k-space pseudospectral method-based solver (Cox et al., 2007) . The transducer was modeled as a spherical section (63 mm radius of curvature and 64 mm active diameter). Several simulations were performed with varying pulse length to reflect the durations used experimentally (4 ms-8 ms). The transducer was spatially apodized (r ¼ 0.35) on the spherical section and the emission frequency was set to 850 kHz. For calibration purposes, the simulations were first performed in water and compared with the pressure values measured experimentally with a heterodyne interferometer . The efficiency of the transducer was modeled in the simulation by using these measurements to apply a linear scaling factor such that the simulated and measured peak negative pressures were brought into agreement.
Simulation were then performed, modeling the propagation of focused ultrasound in the NHP's head to predict the pressure field in the brain (Fig. 3) . To avoid factors contributing to complications during transportation, the animal was not sent to a remote facility to perform a CT scan. Instead, we used a CT scan of the same species provided by the Digital Morphology Museum (PRICT No. 1462, DMM, Tokyo, Japan, downloaded from dmm.pri.kyoto-u.ac.jp/dmm/WebGallery/dicom/ dicomProperty.html?id ¼ 1474) as a model of the skull (0.258 mm 3 isotropic resolution, 120 kVp, Toshiba Asteion). CT-images of the skull were registered to the MP-RAGE image using a 3D affine transformation. We used a linear relationship between the Hounsfield Units (HU) from the CT scan and sound speed and density. The power law model for
in the skull (Aubry et al., 2003) and absorption coefficient α depends on the frequency:
were determined in a previous work by matching simulations with experimental results on a NHP skull flap. b was set to 2 to avoid dispersion (Robertson et al., 2018) . This 3D speed of sound map was used as input in the k-wave simulation.
The position of the center of curvature of the transducer as well as its orientation were also required as input parameters. To determine these parameters, the 3D mesh of the water cone was registered to the MP-RAGE acquisition using a landmark registration scheme (Fig. 3) . The position of the center of curvature of the transducer was estimated from its focal length . The location of the acoustic sources were distributed on the corresponding spherical surface in the simulations.
The thermal modeling was based on the bio-heat equation (Pennes, 1948) :
where T, ρ, C, κ and q are the temperature, density, specific heat, thermal conductivity and rate of heat production respectively. Heat production is defined as q ¼ α abs P 2 2ρC , α abs being the absorption coefficient. According to (Duck, 1990) κ is set to 0.528 W.m-1.K-1 in soft tissue and 0.4 W m À1 .K À1 in the skull and C is set to 3600 J kg À1 .K À1 in soft tissue and 1300 J kg À1 .K À1 in the skull. In the tissue, the absorption coefficient was set to α abstissu ¼ 0; 13 dB cm at 1 MHz. In the skull the longitudinal absorption coefficient is proportional to the density with α absmax ¼ α0
cm at 1 MHz (Pinton et al., 2012) . The last term corresponds to the perfusion process: w; ρ b ; C b and T a correspond to the blood perfusion rate, blood density, blood specific heat and blood ambient temperature respectively. These parameters were assumed spatially homogeneous over the brain, although a more detailed description of the brain cooling processes can be found in the literature (Wang et al., 2015) . The perfusion parameters were taken from Pulkkinen et al. (2011) 
The bioheat equation was solved by using a 3D finite-difference scheme in Matlab (Mathwork, Natick, USA) with Dirichlet boundary conditions. Initial temperature conditions were 37 C in the brain, skull and tissue, and 24 C in the water (~5 mm away from the skull).
A viscoelastic model was developed to simulate tissue displacement using the Green functions described by Aki and Richards (2002) for an elastic medium and generalized by Bercoff et al. (2003) for a viscous medium. The displacement induced by a body force distribution f is given by
where g is the Green function . In this model, the tissue displacement results from the combination of Fig. 3 . Protocol of the ultrasound simulation. A CT skull of another NHP brain was registered to the MP-RAGE acquisition. The speed of sound map was extracted from the CT volume. To estimate the center of curvature of the transducer as well as its orientation from the experimental data, the mesh of the water cone was redesigned with a centered cylinder and then registered to the MP-RAGE acquisition. The propagation of focused ultrasound was simulated in an entire NHP head using a k-space pseudospectral method-based solver, k-Wave. Simulation of pressure, displacement and temperature were then computed. Finally, a regridding step was needed to match the EPI orientation and acquisition for comparison to the experimental data.
a compression wave, a shear wave, and a coupling term. Compressional viscosity is assumed to be negligible compared the shear viscosity, as shown by Bercoff et al . The Green function is provided in the annex.
To compute the displacement acquired in MR-ARFI-THERMO sequence, the simulated displacement was integrated over the motion encoding gradient and averaged over time. Finally, simulated data were regridded to match the EPI acquisition and compared to experimental data. Registration and regridding steps were made using 3D Slicer (Fedorov et al., 2012) and ANTs (Avants et al., 2011) .
Results
Fig. S1 shows the influence of respiration on the accuracy of the displacement estimate in voxels at different locations in the brain (Figs. S1A and S1B). In a slice positioned outside the focus and without respiratory gating, a nearly constant displacement was observed in voxels close to the skull (Fig. S1C ). In the slice crossing the focal point (right column), the displacement was visible with a mean AE standard deviation (μ D AE σ D ) value of 1.2 AE 0.3 μm in the pixel at the focus (Fig. S1D ).
Important oscillations are visible (Figs. S1E and S1F) in both slices for voxels located deeper into the brain. In respiratory-gated experiments (last column), such oscillations disappeared and resulted in mean AE standard deviation (μ D AE σ D ) of 0.0 AE 0.2 μm in displacement outside the focus ( Fig. S1G ) and 0.9 AE 0.2 μm at the focus (Fig. S1H ).
Values obtained at the same locations without respiratory gating were 0.2 AE 0.3 μm ( Fig. S1E ) and 1.0 AE 0.7 μm (Fig. S1F ), respectively. The resulting refresh rate was 0.36 Hz using gating and 1 Hz without. Residual fluctuations were observed at the focus (Fig. S1H ) at t ¼ 20 s and t ¼ 100 s due to imperfect respiratory triggering in this experiment. Fig. 4 shows a representative result of MR-ARFI-THERMO acquisition (experiment #2, acquisition #4, ARFI in slice direction, S ARFI ¼ 8 ms, 279 V, from t ¼ 40 s to t ¼ 80 s) with magnitude, phase, displacement and temperature maps shown at t ¼ 72 s. The temperature maps were overlaid on the magnitude images with a lower threshold value of 0.2 C. Uniform phase images were observed with a limited presence of phase wraps, illustrating the efficiency of the image reconstruction process. The apparent displacement was visible as a white spot in slices #2 to #4. A temperature increase of 0.4 C was visible in slice #1 located near the skull. Fig. 4B -C shows temperature and displacement evolution as function of time in a 3 Â 3 kernel of voxels at the focus near the focal spot for slices #1 and #3, respectively. Raw measurements can be interpreted without any filtering. A maximum temperature rise of 0.7 C and a displacement of around 1.5 μm were observed in slice #1 and slice #3, respectively. Fig. 5A and B shows temporal mean values of displacement (μ D ) and temperature (μ T ) images for each slice of over ten dynamic acquisitions during sonication (from t ¼ 40 s to t ¼ 58 s) and after sonication (from t ¼ 82 s to t ¼ 100 s). Measured values of the temporal mean displacement at the focus were μ D AE σ D ¼ [1.0 AE 0.4, 1.5 AE 0.3, 1.2 AE 0.6] μm in slices #2, #3 and #4 respectively. During sonication, no significant temperature increase could be observed at the focus, whereas an increase was observed after sonication in all slices, with a maximal value of 0.7 C in slice #1 (closest to the skull). This value was above the standard deviation of temperature which was measured in this experiment below 0.2 C in the brain for all slices. Fig. 5C shows the orthogonal profiles of displacement measured in slice #3 together with the result of the fit using a 2D Gaussian function (solid lines). A good correspondence with the experimental data was observed with maximal value of 1.2 μm and a FWHM along x and y of 4.8 and 3.8 mm, respectively. Fig. 5D plots the maximal displacement as a function of the applied voltage to the transducer. A quadratic fit was applied because the displacement is proportional to the radiation force (Nightingale et al., 2000) and the radiation force is quadratic with the acoustic pressure amplitude (Rudenko et al., 1996) . The fit resulted in displacement ¼ a.(voltage) 2 , where a ¼ 3.92.10 À5 μm/V 2 . Fig. 4 . Displacement and temperature measurements. A) Magnitude and phase images, displacement and temperature maps are shown in four slices at dynamic acquisition n 35 (t ¼ 70 s). For this representative acquisition (acquisition #4, experiment #2, 279 V, S ARFI ¼ 8 ms, frame rate ¼ 0.5 Hz), MR slices were oriented perpendicular to the beam direction and ARFI sonication were emitted from dynamic acquisition 20 to 40 (from t ¼ 40 s to t ¼ 80 s). Displacement elevation was clearly visible in slices 2 to 4 (red arrow). Temperature elevation was visible in the first slice (the closest to the skull, red arrow) with a maximum value of 0.7 C. On the left, displacement (B) and temperature (C) evolution (in red) as function of time are shown in a 3 Â 3 kernel of voxels near the focal spot for slices #3 and #1 respectively. The black lines indicate the baseline computed far from the focus location. Physiological noise was recorded in the measurement (tiny oscillation). The temporal mean of the displacement at the focus during the sonication was 1.5 AE 0.3 μm and with a baseline value of À0.1 AE 0.3 μm. Note that temperature increase in the imaging planes occurred at the end of the sonication. The maximum tissue displacement was 2.99 μm in the brain. Fig. 7 compares experimental and simulated displacement at the focus for different applied voltages (from 279 V to 230 V) to the transducer. A consistent spatial correspondence was observed ( Fig. 7A) , confirmed by spatial profiles plotted in Fig. 7B . The corresponding amplitudes derived from the fit were [1.2, 1.1, 1.0, 0.7] μm and the FWHM along (x, y) were [(4.8, 3.8) , (3.7, 4.6), (5.1, 3.6), (4.4, 3.45)] μm, respectively. Fig. 8 summarize the comparison between simulated and experimental displacement and temperature for a driving voltage of 279 V. Fig. 8C shows simulated temperature (assuming a 37 C basal temperature) in the skull and brain after the sonication. The maximum simulated temperature was 40.2 C in the skull, 38.9 C in the brain and 37.3 C at the focus. Both experimental and simulated temperature data were temporally filtered and then averaged over five dynamic acquisitions. Results are shown in Fig. 8D (between 46 s and 50 s) . The experimental parameters of the thermal maps shown in the figure were: driving voltage ¼ 279 V, S ARFI ¼ 7 ms per slice, frame rate ¼ 1 Hz. Simulated and experimental temperature maps were plotted with a minimum threshold value of 37.01 C and superimposed on four consecutive anatomical images (Fig. 8D) . The largest thermal rise was observed on the first slice (closest to the skull) for both simulated and experimental datasets. At the focus (slices #3 and #4), a 0.2 C temperature elevation was predicted by the simulation. This was in good agreement with experimental values, since maximal temperature on slices 1 to 4 was [37.9, 37.1, 37.2, 37.2] C and [39.1, 37.4, 37.4, 37 .2] C for simulated and measured values, respectively. The simulated and raw experimental displacement were overlaid on anatomical images using the same representation in Fig. 8B . Finally Fig. 8A show the maximum pressure amplitude in the sonicated area. Fig. 9 shows a multiplanar (MPR) rendering from 3DSlicer software of both mean displacement (during sonication) and temperature (after sonication) values superimposed on 3D MP-RAGE images acquired at the beginning of the experiment. The stack of MR-ARFI-THERMO slices is represented by the white rectangle. Table 1 provides an overview of the experimental results. (acquisition #4, experiment #2). A push was visible in slices #2, #3, #4 with average values of 1.0 AE 0.4, 1.5 AE 0.3, 1.2 AE 0.6 μm respectively. An average temperature increase (0.2 AE 0.1 C) was monitored in the slices #2 to #4 after the end of the sonication and a larger value was found in slice #1 (0.3 AE 0.2 C), the closest to the skull. C) Experimental data were fitted to a 2D Gaussian function in order to extract focus location, maximum amplitude and FWHM (results were summarized in Table 1 ). The displacement profiles along x and y were plotted in red and green and the fitted function in black. D) Seven acquisitions with different peak-to-peak voltage values [129 V, 155 V, 181 V, 207 V, 233 V, 258 V, S ARFI ¼ 4 ms] were acquired. For each acquisition, temporal mean displacement and its standard deviation were fitted to a second order polynomial function Displacement ¼ a*Voltage 2 where a ¼ 3.92e-5 μm/V 2 . Displacement and temperature measurements were quantified using temporal mean and temporal standard deviation. Over all experiments, the temporal standard deviation of the displacement and of the temperature were about 0.4 μm and 0.2 C respectively. The temporal mean displacement during sonication ranged between 1 and 2 μm. For each measurement, an estimation of the focal spot dimension was Fig. 7 . Comparison between measured and simulated displacement and influence of the peak-to-peak voltage applied to the transducer. In experiment #2, four acquisitions (#9, #10, #11, #12) with different peak-to-peak voltage values [279 V, 263 V, 248 V, 230 V, S ARFI ¼ 8 ms per slice] were acquired. The average displacement (the temporal mean of ten dynamic acquisitions during sonication) is shown with two complementary representations of the displacement: A) a 2D view plot of experimental and simulated data, B) a 1D profile along x and y. Measured (red and green) and simulated (blue) data were both fitted to a 2D Gaussian function in order to extract focus location, maximum amplitude and FWHM (see Table 1 , experiment 2, acquisition numbers #8 to #11).
Fig. 8. Comparison between measured and experimental data.
A) The simulated pressure amplitude with a linear scale. B) The simulated displacement (top row) overlaid on anatomical images was compared to the average measured displacement (the temporal mean of ten dynamic acquisitions during sonication, bottom row, experiment 2, acquisition #9). C) Map of the simulated maximum temperature in the brain and skull in the sagittal plane of the transducer. D) Simulated (top row) and measured (bottom row) temperature maps superimposed on the anatomical images for four consecutive slices (experiment 2, acquisition #2). Note that the comparison occurs at different location because the simulated displacement were compared to experimental data for different voltage values at the focus to validate the acoustic model with different acoustic radiation pressure, while the temperature data were compared near the skull and in the brain to monitor the energy deposition.
extracted from the 2D Gaussian fit. FWHM values along x and y ranged between 3 and 5 mm. Although temperature rise in the imaging plane was monitored near the skull, no temperature rise higher than 0.2 C was measured at the focus, except for acquisitions #10 and #11. Table 2 in the supplementary materials details each acquisition parameter.
Discussion
In this work, we exploit a recently published rapid MR-ARFI-THERMO sequence (Bour et al., 2017) for simultaneous real-time imaging of displacement and temperature at 2-mm isotropic resolution in vivo in the brain of NHP during pulsed sonication with a single element Fig. 9 . Visualization of displacement and temperature measurements. MR-ARFI-THERMO acquisition (experiment #2, acquisition #4) was acquired in a plane perpendicular to the beam direction. The position of the stack of EPI slices is indicated by a white rectangle. The temporal mean displacement during sonication (top) and the temporal mean temperature after sonication (below) are overlaid on the image using a gradient color map on the anatomical MP-RAGE acquisition using 3DSlicer software. A (minimum, maximum) value of (0.3, 1.2) μm (top) and of (0.2, 0.5) C (down) were used as a threshold.
Table 1
Displacement and temperature data. For each acquisition, the temporal standard deviation (σ) and temporal mean (μ) for both displacement (D) and temperature (T) during 10 dynamic acquisitions before (OFF1), during (ON) and after (OFF2) focus ultrasound sonication. Maximum amplitude and FWHM extracted from the 2D Gaussian fit are also indicated.
Acquisition Number
Sonication time (ms) transducer. One goal was to investigate the monitoring capabilities of the sequence under different acoustic power deposition with a transcranial approach. To our knowledge the study presents the first in vivo study of temperature and displacement measurements in NHP, simultaneously providing the ultrasound focal spot location as well as the resulting heating distribution within the brain. We performed twenty-four MR-ARFI-THERMO measurements in three different experiments. Multiple MR-dynamic acquisitions were acquired and synchronized with sonication during a time window of 10-20 dynamic acquisitions. For each measurement, we computed the uncertainty (temporal standard deviation) and temporal mean value of the measurement before, during and after sonication in order to quantify the uncertainty of the method. Resulting values of σ T ¼ 0.1 C and σ D ¼ 0.2 μm were found, allowing a clear visualization of measurement change during sonication (see Fig. 5 and S1) where typical displacement of 1.5 μm and temperature change of 1 C were experimentally observed.
The temperature sensitivity is acceptable for thermal applications with typical 20 C thermal rise (Elias et al., 2013) , but it also allows to check the potential impact of temperature during TUS experiments, even at low intensities. A 0.5 C thermal rise would correspond, for heat sensitive neurons to a typical 5% increase of firing rate (Bouland, 1974) .
MR-ARFI-THERMO was measured either in the slice direction (perpendicular to the beam) or in the phase direction (parallel to the beam). For both situations, we noticed a decrease in precision associated with the presence of strong phase fluctuations when the slices were located at the center of the brain or below. The phase fluctuations turned out to result from magnetic susceptibility changes related to breathing. The sequence was then triggered on the respiratory cycle (0.36 Hz), to minimize the impact of the fluctuations (Fig. S1 ). This justified the use of a rapid imaging sequence based on a single-shot EPI acquisition with respiratory gating. However, the respiratory-gating acquisition increased the acquisition time (the total acquisition time was about 1 min 20 s for 30 dynamic acquisitions). As an alternative, it should be possible to eliminate the respiratory related phase variation by subtracting the control voxel from the measurement.
A decreasing peak to peak voltage driving the ultrasound transducer was applied to determine the sensitivity threshold value of the method (Fig. 5) . In experiment #2, a limited number of acquisitions were available at the same slice position (from 279 V to 230 V, S ARFI ¼ 8 ms) allowing a quantification of the displacement amplitude and FWHM. A decrease maximum amplitude from 1.2 μm to 0.7 μm was observed (Table 1) . In experiment #3, a new set of acquisitions (from 258 V to 129 V, S ARFI ¼ 4 ms) was performed with a reduced sonication duration. A minimum peak to peak voltage of 155 V was necessary to visualize the displacement due to a decrease in signal to noise ratio in this experiment. The results presented in experiment #3 (Table 1) indicate an increased maximum amplitude (2 μm or more at 258 V) in comparison to experiment #2 (1.5 μm at 279 V). This increase in displacement amplitude was attributed to a better positioning of the transducer in experiment #3 (in experiment #2, the transducer was not strictly perpendicular to the skull). In addition, the quality of the acoustic coupling between the water cone and the skin may have impacted the ultrasound transmission to the brain and the focus. In both cases, a relatively sharp displacement was observed with a FHWM between 3 and 5 mm. The peak pressure varied in our study between 1.5 MPa and 3 MPa in water, at 850kHz, with a duration of 4 to 8 ms. This is within the range of typical parameters for brain thermal ablation, with durations of the order of 10 s (Pulkkinen et al., 2014) . A wide range of ultrasound parameters have been tested for TUS, with the frequency ranging between 200 kHz and 8 MHz (Naor et al., 2016) , the peak pressure from 0.1 MPa to 3.5 MPa and the burst duration between 1 ms and 500 ms (Blackmore and Shrivastava, 2019) . Our parameters are thus in the range of thermal ablation and TUS, even though most TUS studies tend to favor low intensity ultrasound, with peak pressure lower than 1.2 MPa. Based on the preliminary results presented here, the displacement could be detected with ARFI for a peak pressure higher than 1.9 MPa at 850 kHz. When using lower peak pressure for TUS, one would have either to improve the sensitivity of the MR-ARFI sequence, or to increase the peak pressure for such sonication MR-ARFI measurement.
A major advantage of single shot EPI is that only one sonication (duration between 4 and 8 ms) per image was required, minimizing the cumulative delivered acoustic energy. In this study, we performed multiple MR dynamic acquisitions to explore the monitoring capabilities of the sequence. For safety reasons, we initially decided to not exploit the minimum acquisition time (300 ms) and used a frame rate of 1 Hz including a dead time of 700 ms. The dead time was increased to 2-3 s during respiratory gated acquisition. 10 to 30 sonication per slice were emitted to potentially visualize induced heat in the brain. The corresponding total sonication time per acquisition ranged from 256 to 672 ms. In the context of focal spot visualization, this value could be drastically reduced, using for example a MR protocol with only 15 dynamics acquisitions (five S ARFI ¼OFF, five S ARFI ¼ON, five S ARFI ¼OFF, with a cumulative sonication time of 100 ms, S total ¼ 4 ms x 4 slices x 5). Here, it is worth noting that the sonication parameters used for MR-ARFI may have induced brain neuromodulation if multiple slices were acquired with a high frame rate: neuromodulation was reported with a pulse duration of 5 ms, a stimulus duration of 300 ms and a duty cycle as low as 30% (Kim et al., 2014) . Nevertheless, with such parameters, ultrasonic neuromodulation did not last longer than 100 ms (Lee et al., 2016b) . Stimulus duration longer than 40 s are needed to induce a sustained effect Folloni et al., 2019) .
The impact of skull and tissue absorption was evaluated with the MR-ARFI-THERMO sequence. Temperature maps were displayed in real-time to monitor temperature elevation. No significant heating effects were noticed but minimal heat deposition (up to 1-2 C) was observed in the vicinity of the skull. As shown in Fig. 4 and evident in five other acquisitions in experiment #2, the MR-thermometry showed a temperature rise following the sonication. The delay in temperature rise could be explained by the skull absorption of ultrasound energy during sonication. Energy was then transferred to brain tissues in contact with the skull by thermal diffusion. Note that a cooling system was not used in these experiments. Very small temperature increases were observed at the focus during sonication in some experiments, but with temperature increases within the range of the uncertainty of the thermometry method. Further optimization of the sequence parameters may reduce the temperature uncertainty to 0.05 C or lower.
In the present study, the numerical estimations of temperature and displacements induced by ultrasound have been shown to match with in vivo measurements. Acoustic pressure simulations using the same transducer had been previously validated with pressure fields measurements through a monkey skull . The thermal modeling was previously used in a retrospective numerical estimation of thermal effect during ultrasonic neurostimulation (Constans et al., 2018) , and validated with thermocouple measurements (Constans et al., 2018) . In addition to these acoustical and thermal modeling, we used a viscoelastic model to estimate the tissue displacements (Bercoff, 2004) . These numerical models were compared to simultaneous measurements if temperature and displacement acquired in the brain of an anesthetized NHP. As can be seen in Fig. 7B , the spatial profiles were in agreement with the experimental values. The maximum temperature at the target location remains below 0.3 C, which confirms that thermal effects can be neglected at the focal spot during MR-ARFI using such low duty cycle. Our work highlights the occurrence of skull heating (up to 40.2 C) and the diffusion of the thermal rise to the cortex. In vivo simultaneous measurement of temperature and displacement was a valuable tool to adjust the input parameters of our numerical models. Such models could be useful to design future experimental setup and to estimate the impact of using a given set of ultrasonic parameters.
Limitations
As a proof of concept, this study has several limitations. The limited available experimental time was not sufficient for precisely studying the impact of S ARFI duration on displacement measurements. S ARFI duration ¼ 4 ms was found to be sufficient to monitor displacement. However, shorter value could have been chosen to minimize the sonication duty cycle and the amount of energy delivered to the skull and the brain. The time offset of À2 ms between the beginning of the sonication pulse and second lobe of the MEG may also be refined to further increase the resulting measured displacement at the focus. This was quantitatively studied in a previous work on ex vivo muscle (Bour et al., 2017) and showed a plateau in displacement amplitude after an offset of 2 ms. Nevertheless, the muscle elastic modulus of muscle (2.99 kPa (Lacourpaille et al., 2012) ) differs from that normal brain tissue in a closed skull (9.2 kPa (Soza et al., 2005) ). Further work could be done to vary the time offset in order to optimize the sensitivity of MR-ARFI for cerebral tissues.
This single shot EPI technique has several potential advantages over multi-shot acquisitions. First, only one sonication is required per slice due to the single readout train acquisition which minimizes heating deposition. Long repetition time can be used to further minimize energy deposition. Second, combined with real-time reconstruction, the sequence acquisition time reduces the treatment planning duration. It provides very fast (30 s) visualization of the focal spot location. However, EPI based sequence are indirectly prone to geometric distortions due to long readout echo trains. Here the echo train length was reduced to 26 ms to reduce such effects. Additional corrections (Dragonu et al., 2009; Jezzard, 2012) and validation should be considered to quantify these effects. Such strategies will require further developments and were considered beyond the scope of the current study.
We show that no substantial heating was observed at the focus under the tested conditions. Thus, MR-ARFI is an excellent way to observe the effect of sonication at the targeted location without inducing unwanted heating. Moderate temperature increase was observed near the skull and may also occur at interfaces between tissues with different acoustic impedances or at the focus using conventional, non-accelerated, MR-ARFI sequences. The proposed combined MR-ARFI-THERMO sequence provides both temperature information and displacement simultaneously using minimal acoustic energy deposition, which is of major interest for safe sonication in the brain.
Although the proposed method is capable of multiple slices acquisition, the volumetric coverage did not cover the entire insonified region. However, additional slices could be acquired with a limited impact on the temporal resolution due to the respiratory gating, at the cost of increased energy deposition. To address this limitation, a simultaneous multi-slice MR-ARFI sequence (Bour et al., 2018 ) may be developed. Alternatively, sonication may be limited to slices acquired near the expected focal region in order to monitor displacement only where it would be practically useful.
The high temporal and spatial resolution achieved with the proposed MRI techniques may be easily transferred into clinical applications using similar ultrasound setup. Implementation of multi-element receiver coils in existing therapeutic HIFU devices is the only limiting factor for clinical translation of such a monitoring.
In this study, no CT scan of the subject was available. Thus, ultrasound simulations were performed using a CT skull from another Macaca Mulatta, after registration to the MP-RAGE image. This approach does not consider local structural differences between the two skulls, like the skull thickness or the skull surface. Such differences will introduce deviation between simulation and experimental observation.
Finally, the MR-thermometry method does not allow direct measurement of skull heating. However, it can measure radiative temperature increase in brain adjacent to bone. Consequently, the highest temperature in the skull could not be visualized using the PRFS technique and the maximum temperature increase in the brain was reached after the end of sonication. Temperature assessment using T1 (Han et al., 2015) and T2 (Ozhinsky et al., 2016) measurements may help to reduce the risk of overheating.
Conclusion
We demonstrate in an alive NHP that simultaneous measurement of thermal rise and displacement is feasible in the brain with a focus ultrasound transcranial approach. The MR-ARFI-THERMO sequence simultaneously provides the ultrasound focal spot location as well as distribution of heating within the brain. Simulations were in good agreement with experimental data and may thus be used for planning the transducer positioning and desired focal spot position in the brain. The current rapid, multi-slice acquisition and real-time implementation of image visualization was compatible with clinical practice and could help to define the operational safety margins for clinical applications of noninvasive transcranial ultrasound brain therapies. The proposed monitoring method has a large applicability in focus ultrasound treatments: 1) prior to treatment, the sequence could improve adaptive focusing procedures by validating the focal location and monitoring (indirectly) the occurrence of skull heating. 2) The sequence could help to differentiate mechanical and thermal effects during ultrasound neurostimulation. 3) The sequence is compatible with a second sonication pulse for thermal ablation energy deposition with high sonication duty cycle (Bour et al., 2017) and could be used during treatment to assess potential tissular modifications during HIFU therapy while showing the temperature distribution in area away from the focus and at the focus.
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